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Abstract
Stimulated by the new experimental LHCb findings associated with the Ωc states, some of
which we have described in a previous work as being dynamically generated through meson-baryon
interaction, we have extended this approach to make predictions for new Ξcc molecular states in
the C = 2, S = 0 and I = 1/2 sector. These states manifest themselves as poles in the solution
of the Bethe-Salpeter equation in coupled channels. The kernels of this equation were obtained
using the Lagrangians coming from the hidden local gauge symmetry, where the interactions are
dominated by the exchange of light vector mesons. The extension of this approach to the heavy
sector stems from the realization that the dominant interaction corresponds to having the heavy
quarks as spectators, which implies the preservation of the heavy quark symmetry. As a result,
we get several states: two states from the pseudoscalar meson-baryon interaction with JP = 1/2−,
and masses around 4080 and 4090 MeV, and one at 4150 MeV for JP = 3/2−. Furthermore, from
the vector meson-baryon interaction we get three states degenerate with JP = 1/2− and 3/2− from
4220 MeV to 4330 MeV, and two more states around 4280 MeV and 4410 MeV, degenerate with
JP = 1/2−, 3/2− and 5/2−.
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I. INTRODUCTION
Over the last decade, the field of hadron spectroscopy is living a new era due to a large
bulk of experimental results, which has triggered an intense theoretical activity in order to
describe and understand these experimental data. They are challenging our knowledge of
hadron dynamics since many states cannot be accommodated within the standard picture
for the hadron. In 2015, the LHCb reported the observation of the states P+c (4380) and
P+c (4450) in the J/ψp invariant mass distribution [1–3] and, afterwards, five narrow Ωc states
[4] were measured in the Ξ+c K
− mass spectrum. Especially interesting was the observation
of a doubly charmed baryon (DCB), called Ξ++cc , recently seen by the LHCb collaboration
in the Λ+c K
−π+π+ final state, with mass around 3621 MeV [5]. This value is higher than
that for the first doubly charmed state Ξ+cc measured in the Λ
+
c K
−π+ mass spectrum, by
SELEX in 2002 [6], and later confirmed in Ref. [7] by the same collaboration. However, this
latter state was not confirmed by FOCUS [8], Belle [9], BABAR [10] and the LHCb [11]
collaborations.
On the theoretical side, a DCB state with a mass similar to that one reported by the
LHCb had been predicted in Ref. [12], using a renormalizable gauge field theory. A DCB
was also predicted in Ref. [13], where the relativistic quark-diquark potential model was
employed. Using the one gluon exchange model, the authors of Ref. [14] had also predicted
a doubly heavy baryon state in which the mass value obtained is close to the one measured
by the LHCb. In particular, these works advocate that the Ξ++cc should be accommodated
in the quark picture. On the other hand, many other theoretical approaches were used to
study doubly charmed baryon states 1 before the LHCb measurements, including even triply
heavy baryons extended to the beauty sector [15].
More recently, in particular after the LHCb announcement of the newly Ξ++cc , a new wave
of theoretical studies have aroused in an attempt to understand its properties, including also
new predictions. In Ref. [17], the chiral corrections were employed to estimate the magnetic
moments of DCB with J = 1/2. Weak decays were studied in Refs. [18, 19], strong and
radiative decays were investigated in Ref. [20], and QCD sum rules were used in Ref. [21].
The molecular picture was also adopted. In Ref. [22], the meson-baryon transitions between
the coupled channels J/ψN−ΛcD¯(∗)−Σ(∗)c D¯(∗) were constructed taking into account the pion
1 We refer the reader to Ref. [16], which presents a review of the literature on those works.
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and D(∗) meson exchange, and then used as the potential in the complex scaled Schro¨dinger-
type equation. According to their findings, if the Pc(4380) exists as a hadronic molecular
state, the existence of a Ξ∗cc(4380) with almost the same mass as the Pc(4380) state should
be expected. Studying the same type of interaction, that is, the meson-baryon one, in
Ref. [23] an S-wave scattering of ground state doubly charmed baryons (Ξ++cc , Ξ
+
cc, Ω
+
cc) and
the light pseudoscalar (π, K, η) mesons was implemented by means of chiral effective theory,
and several DCB resonances were predicted. This is particularly interesting and, since the
LHCb has observed Ωc resonances, we can expect there may exist Ξcc resonances as well.
In view of this, in this work we study the meson-baryon interaction in order to investigate
DCB resonances that can be confronted with the experimental measurements to be made in
the near future.
Among the models employed to study meson-baryon interactions, one is particularly
interesting and powerful to describe the meson-baryon interaction. It combines chiral dy-
namics with unitarity in coupled channels, named as chiral unitary approach. Using chiral
Lagrangians we can obtain the transition amplitudes between all the relevant channels con-
tributing to the interaction we are concerned. Then, these amplitudes are unitarized through
the Bethe-Salpeter equation, from which bound states/resonances emerge as solutions in the
complex energy plane. We say that these bound states/resonances are dynamically gener-
ated. One famous example was the long-standing two Λ(1405) states [24–27].
The extension of the chiral unitary approach to describe vector meson-baryon interac-
tions was done in Refs. [28, 29], where the authors used the Lagrangians from the hidden
gauge approach [30–32], which extends the chiral Lagrangians to include vector mesons. Its
extension to the charm sector was done in Refs. [33–36]. In particular, in Refs. [33, 34] it
was found that in the dominant terms of the interaction the heavy quarks are spectators
and, hence, the dominant contributions come from the exchange of light vector mesons. As a
consequence, this approach satisfies the heavy quark spin symmetry, which is the symmetry
of QCD that says the interaction is independent of the spin of the heavy quarks in the limit
of the heavy quark mass going to infinity.
In Ref. [37], we have done such an extension of the hidden gauge to the charm sector
taking into account the spin-flavor wave function for baryons and, since the heavy quarks act
as spectators, the vector-baryon-baryon (V BB) vertex for the diagonal terms was obtained
using the SU(3) content of SU(4). The work shares many elements and similar results
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with the work of Ref. [38], where baryon wave functions within SU(4) are strictly used.
A different approach motivated by the works of Refs. [37–39] is done in Ref. [40], where
some states obtained are also associated with the observed states. In particular, this was
done after reviewing the renormalization scheme of Ref. [39], where some Ωc states had been
predicted with masses smaller than the ones observed by the LHCb.
Following the approach of Ref. [37], we have described some of the Ωc states observed by
the LHCb collaboration. A remarkable agreement with the experimental results for those
singly charmed baryon states were obtained. For JP = 1/2− two states can be related to the
observed ones, the Ωc(3090) and Ωc(3050). In addition, another pole with J
P = 3/2− could
be related to the Ωc(3119). Motived by this remarkable agreement, we have also employed
the same approach, but this time to predict singly heavy baryon resonances in the beauty
sector [41], named as Ωb states. In view of this, and stimulated by the LHCb recent discovery
of a doubly charmed baryon structure, Ξ++cc , we have used this same approach in order to
investigate DCB states, that can be dynamically generated through the interaction between
doubly and singly charmed baryon with pseudoscalar and vector mesons with or without
charm.
The planned experiments, for instance, like the one at the FAIR facility will involve
studies of charm physics, and the observation of such new states, certainly will shed light on
the debate about their quantum numbers, production mechanism and quark content. This
will certainly be a good scenario to test most of the models which are used to understand
those states from the multiquark point of view.
II. THEORETICAL FRAMEWORK
In order to obtain the transition matrix elements using the Bethe-Salpeter equation, we
must write down the relevant space of states in the C = 2, S = 0 and I = 1/2 sector, which
are the channels contributing to the meson-baryon interaction in S-wave we are concerned
with. We use the channels established in Ref. [39] and separate them into different cases
from the interaction of baryons (JP = 1/2+, 3/2+) with pseudoscalar (0−) and vector mesons
(1−), as it was done in Ref. [37] for the case of the Ωc states. We should emphasize here
that the channels listed in Ref. [39] were written taking into account the previous value for
the Ξcc mass which was 3519 MeV. In this work we are considering the same channels of
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Ref. [39] but using the value reported by the LHCb collaboration [5], which is equal to 3621
MeV. This means we are considering this new value as the ground state for the Ξcc baryon.
Accordingly, we also update the estimate for the excited Ξ∗cc, taking its mass as 81 MeV
higher than that of Ξcc, similar to the Ξ
′
c − Ξ∗c mass splitting, as done in Ref. [39]. The
estimates for the Ωcc and Ω
∗
cc masses are also taken as the same adopted in Ref. [39], given
in Ref. [42]. The other masses are taken as isospin averages of the ones listed by the Particle
Data Group [43]. In Tables I, II, III and IV we show the channels and their respective
thresholds reevaluated taking MΞcc = 3621 MeV.
TABLE I. Baryon-pseudoscalar states (JP = 1/2−) chosen and threshold mass in MeV.
Channel Ξccpi ΛcD Ξccη ΩccK ΣcD ΞcDs Ξ
′
cDs
Threshold 3759 4154 4169 4208 4321 4438 4545
TABLE II. Baryon-pseudoscalar states (JP = 3/2−) chosen and threshold mass in MeV.
Channel Ξ∗ccpi Ξ∗ccη Ω∗ccK Σ∗cD Ξ∗cDs
Threshold 3840 4250 4291 4385 4615
TABLE III. Baryon-vector meson states (JP = 1/2−, 3/2−) chosen and threshold mass in MeV.
Channel ΛcD
∗ Ξccρ Ξccω ΣcD∗ ΞcD∗s ΩccK∗ Ξccφ Ξ′cD∗s
Threshold 4295 4397 4404 4462 4582 4606 4641 4689
TABLE IV. Baryon-vector meson states (JP = 1/2−, 3/2−, 5/2−) chosen and threshold mass in
MeV.
Channel Ξ∗ccρ Ξ∗ccω Σ∗cD∗ Ω∗ccK∗ Ξ∗ccφ Ξ∗cD∗s
Threshold 4478 4485 4526 4689 4722 4759
Next, we will discuss the use of Lagrangians from hidden local gauge symmetry which
provide an easy manner to evaluate the meson-baryon interaction involving the channels
listed in Tables I, II, III and IV.
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Mi Mf
Bi Bf
V
FIG. 1. Diagram representing the meson-baryon interaction through vector meson exchange.
Mi(Mf ) and Bi(Bf ) are the initial (final) meson and baryon states, respectively, taking place
on the interaction, while V stands for the vector meson exchanged.
A. Transition amplitudes
The use of chiral Lagrangians to calculate the transition amplitudes is complicated when
states in the charm sector are involved. This happens because one needs to extend those
Lagrangians from SU(3) to SU(4) and the use of this latter symmetry must be handled
with care when dealing with mesons and baryons with such disparate masses. On the other
hand, the use of the Lagrangians coming from the hidden local gauge symmetry allows us
to make use of the SU(3) content of SU(4) since the heavy quark is treated as a spectator
in our formalism. As a consequence the rules of heavy quark spin symmetry are fulfilled [44]
for the dominant diagonal interactions.
In the local hidden gauge approach in SU(3), the meson-baryon interaction proceeds by
means of vector meson exchange as illustrated in Fig. 1. According to the hidden local gauge
approach, the vector-pseudoscalar-pseudoscalar coupling (V PP ), i. e. the upper vertex of
the diagram depicted in Fig. 1 is described by the following Lagrangian
LV PP = −ig〈 [φ, ∂µφ]V µ〉 , (1)
where φ and V µ are the SU(3) matrices for pseudoscalar and vector mesons, respectively,
given by
φ =


1√
2
π0 + 1√
6
η π+ K+
π− − 1√
2
π0 + 1√
6
η K0
K− K¯0 − 2√
6
η

 , (2)
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and
Vµ =


ρ0√
2
+ ω√
2
ρ+ K∗+
ρ− − ρ0√
2
+ ω√
2
K∗0
K∗− K¯∗0 φ


µ
, (3)
while the symbol 〈 . . .〉 in Eq. (1) stands for the SU(3) trace and the coupling g =MV /2fpi,
with fpi = 93 MeV being the pion decay constant. The extension of Eq. (1) to SU(4)
is straightforward and the discussion on how to do this can be found in Refs. [33, 34].
Alternatively one can use an explicit method, rather clarifying in the case of exchange of
light vectors mesons, which leaves the heavy quarks as spectators, consisting in explicitly
writing the operators for vector exchange in terms of quarks. This is done in Ref. [45] and
the conclusion is that one can use directly Eq. (1) with SU(4) matrices for φ and Vµ [33, 34]
and the procedure projects automatically in SU(3) in the case that the heavy quarks are
spectators.
On the other hand, the vector-baryon-baryon (V BB) in SU(3), can be calculated within
the local hidden gauge formalism using the following Lagrangian,
LV BB = g
(
〈B¯γµ[V µ, B] 〉+ 〈B¯γµB〉〈V µ〉
)
, (4)
with B associated with the SU(3) matrix for the baryon octet, which is
B =


1√
2
Σ0 + 1√
6
Λ Σ+ p
Σ− − 1√
2
Σ0 + 1√
6
Λ n
Ξ− Ξ0 − 2√
6
Λ

 . (5)
Unlike Eq. (1), the SU(4) extension of Eq. (4) is not trivial. However, in this work we follow
the procedure adopted in Refs. [37, 41], which allows us to obtain in an easy manner the
V BB vertex without making use of SU(4). In order to do this, we write the vector meson
exchanged and the baryon in terms of quarks. For instance, let us consider that we have for
the V BB vertex a ρ meson and two protons, that is the ρ p p vertex. The ρ0 meson wave
function in terms of quarks is given by
ρ0 =
1√
2
(uu¯− dd¯) . (6)
Inherent in the approach of Refs. [37–39] is the neglect of the three momenta of the particles
compared to the vector meson mass. This allows us to make the approximation γµ → γ0, and
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hence applying Eq. (6) in the proton wave function as a number operator with a coupling g
provides us a spin independent operator at the quark level. In addition, we know that the
proton wave function can be written as
p =
1√
2
|φMSχMS + φMAχMA〉 , (7)
where φMS(MA) and χMS(MA) are the flavor and spin mixed symmetric (antisymmetric) wave
functions, respectively. Therefore, for the ρpp vertex we have
〈p|gρ|p〉 = g
2
〈φMSχMS + φMAχMA| 1√
2
(uu¯− dd¯) |φMSχMS + φMAχMA〉 , (8)
which provides us the same result as if we had used Eq. (4). We use this method to evaluate
the coupling of the vectors with baryons in the charm sector.
B. Baryon wave functions
In this subsection, we are going to write the baryon wave functions, which will be useful
to evaluate the V BB vertex. In order to obtain this vertex through the method we have
discussed previously, where we have used the ρpp vertex as an example, we have to write
down the spin-flavor wave functions for the baryons with JP = 1/2+ and JP = 3/2+. The
spin-flavor wave functions associated with all of them are displayed in Tables V and VI. In
those tables, the flavor part of the wave function is explicitly written leaving the heavy quarks
as spectators and using SU(3) symmetry in the light quarks, where the SU(3) content can
be mixed symmetric or mixed antisymmetric, φMS(MA), while the spin part, can be mixed
symmetric, antisymmetric χMS(MA), or fully symmetric, χS, as defined in the last column.
Once we know the spin-flavor wave functions for the baryons, we can obtain the V BB
vertex, which corresponds to the lower one in Fig. 1. For instance, if a Ξcc is involved in a
given transition, using its corresponding wave function defined in Table V, we can obtain
the Ξ++cc Ξ
++
cc ρ
0 vertex evaluating the 〈Ξ++cc |g ρ0|Ξ++cc 〉 matrix element, which is
〈Ξ++cc |g ρ0|Ξ++cc 〉 = g〈ccu| ⊗ 〈χMS|
[ 1√
2
(uu¯− dd¯)
]
|χMS〉 ⊗ |ccu〉
=
g√
2
. (9)
Analogously, for all the remaining V BB vertices we are concerned, we will follow this pro-
cedure.
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TABLE V. Wave functions for baryon with JP = 1/2+.
States I, J Flavor Spin (Sz = 1/2)
Λc 0, 1/2
c√
2
(ud− du) ↑√
2
(↑↓ − ↓↑) χMAa
Σ+c 1, 1/2
c√
2
(ud+ du) 1√
6
(↑↓↑ + ↓↑↑ −2 ↑↑↓) χMS b
Ξ+c 1/2, 1/2
c√
2
(us− su) ↑√
2
(↑↓ − ↓↑) χMA
Ξ′+c 1/2, 1/2
c√
2
(us+ su) χMS
Ξ++cc 1/2, 1/2 ccu χMS
Ωcc 0, 1/2 ccs χMS
a Mixed antisymmetric
b Mixed symmetric
TABLE VI. Wave functions for baryon with JP = 3/2+.
States I, J Flavor Spin (Sz = 3/2)
Σ∗+c 1, 3/2
c√
2
(ud+ du) ↑↑↑ χSa
Ξ∗+c 1/2, 3/2
c√
2
(us+ su) χS
Ω∗cc 1/2, 3/2 ccs χS
a Fully symmetric
In order to match the Ξcc isospin, we should construct states with I = 1/2. We have the
following multiplets
Ξcc =

Ξ++cc
Ξ+cc

 ; Ξc =

Ξ+c
Ξ0c

 ; Ξ′c =

Ξ′+c
Ξ′ 0c

 ; Σc =


−Σ++c
Σ+c
Σ0c

 ;
D =

 D+
−D0

 ; K =

K+
K0

 ; π =


−π+
π0
π−

 , (10)
from which we can obtain the I = 1/2 states.
Now, we have all the elements needed to evaluate the transition amplitudes, depicted
generically in Fig. 1, between the relevant channels listed in Tables I, II, III and IV for each
JP case. For PB → PB transitions by means of vector meson exchange, two vertices must
9
be calculated. They are the V PP , that can be obtained from the Lagrangian defined in
Eq. (1), and the V BB, which is obtained employing the method we have just discussed. On
the other hand, for V B → V B transitions the only difference is that now we have the V V V
vertex instead of V PP one, and it can be evaluated using the following Lagrangian
LV V V = ig〈 [V µ, ∂νVµ]V ν 〉 , (11)
with the coupling g the same as in Eq. (1). In the case where the three-momentum of the
vector meson is neglected versus the vector meson mass, as we also do here, only ν = 0
contributes in Eq. (11) which forces V ν to be the exchanged vector, and the structure of
the vertex is identical to the one of Eq. (1) for pseudoscalars, with the additional factor
~ǫ · ~ǫ ′, with ~ǫ, ~ǫ ′ the polarization vectors of the external vector mesons [28]. Following this
procedure we can calculate all the transition amplitudes (see Appendix A for more details),
which have the same structure for every transition we are considering in this work, which is
Vij = Cij
1
4f 2pi
(p0 + p′ 0) , (12)
where p0 and p′ 0 are the energies of the incoming and outgoing mesons, while the Cij are the
coefficients, given in Table VII, for the pseudoscalar meson-baryon case with JP = 1/2−.
Furthermore, the indices i, j stand for the initial and final channels, respectively. For the
vector meson-baryon, the coefficients are given in Table VIII. The other cases are tabulated
in Tables IX and X, respectively. Alternatively, we can also use the expression below
Vij = Cij
2
√
s−MBi −MBj
4f 2pi
√
MBi + EBi
2MBi
√
MBj + EBj
2MBj
, (13)
which is obtained, according to Ref. [46], when we take into account relativistic corrections
in S-wave.
C. The scattering matrix for meson-baryon interaction
In order to unitarize the transition amplitudes, often called potentials, given by Eqs. (12)
or (13), we have to use them as the kernel of the Bethe-Salpeter equation, where poles in
resulting scattering matrices correspond to bound states or resonances. The Bethe-Salpeter
equation in its on-shell factorization form [24, 47, 48] is defined as
T = (1− V G)−1 V , (14)
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TABLE VII. Cij coeficients of Eq. (12) for the pseudoscalar meson-baryon states coupling to
JP = 1/2− in S-wave.
PB1/2 Ξccpi ΛcD Ξccη ΩccK ΣcD ΞcDs Ξ
′
cDs
Ξccpi −43 0 −
√
2
3 −
√
3
2 0 0 0
ΛcD −1 0 0 0 −1 0
Ξccη 0 − 1√3 0 0 0
ΩccK −1 0 0 0
ΣcD −3 0 − 1√3
ΞcDs −1 0
Ξ′cDs −1
TABLE VIII. Cij coeficients of Eq. (12) for the vector meson-baryon states coupling to J
P =
1/2−, 3/2− in S-wave.
V B1/2 ΛcD
∗ Ξccρ Ξccω ΣcD∗ ΞcD∗s ΩccK∗ Ξccφ Ξ′cD∗s
ΛcD
∗ −1 0 0 0 −1 0 0 0
Ξccρ −43 − 1√3 0 0 −
√
3
2 0 0
Ξccω 0 0 0 − 1√2 0 0
ΣcD
∗ −3 0 0 0 − 1√
3
ΞcD
∗
s −1 0 0 0
ΩccK
∗ −1 1 0
Ξccφ 0 0
Ξ′cD∗s −1
where V is the matrix that describes the transition amplitudes between each channel listed in
Tables I, II, III and IV.G is the meson-baryon loop function, which is divergent. It is possible
to evaluate this function by means of dimensional regularization or with a three momentum
cutoff. In this work, we use the cutoff method since the dimensional regularization in the
heavy sector might lead to solutions that are not related to physical states [49]. This happens
because in that scheme of regularization the loop function can assume positive values below
threshold. As a result, poles might manifest in the solution even with the potential being
11
TABLE IX. Cij coeficients of Eq. (12) for the pseudoscalar meson-baryon states coupling to J
P =
3/2− in S-wave.
PB3/2 Ξ
∗
ccpi Ξ
∗
ccη Ω
∗
ccK Σ
∗
cD Ξ
∗
cDs
Ξ∗ccpi −43 −
√
2
3 −
√
3
2 0 0
Ξ∗ccη 0 − 1√3 0 0
Ω∗ccK −1 0 0
Σ∗cD −3 − 1√3
Ξ∗cDs −1
TABLE X. Cij coeficients of Eq. (12) for the vector meson-baryon states coupling to J
P =
1/2−, 3/2−, 5/2− in S-wave.
V B3/2 Ξ
∗
ccρ Ξ
∗
ccω Σ
∗
cD
∗ Ω∗ccK∗ Ξ∗ccφ Ξ∗cD∗s
Ξ∗ccρ −43 − 1√3 0 −
√
3
2 0 0
Ξ∗ccω 0 0 − 1√2 0 0
Σ∗cD∗ −3 0 0 − 1√3
Ω∗ccK∗ −1 1 0
Ξ∗ccφ 0 0
Ξ∗cD∗s −1
repulsive. In the cutoff method the meson-baryon loop function is given by
Gl = i
∫
d4q
(2π)4
Ml
El(q)
1
k0 + p0 − q0 −El(q) + iǫ
1
q2 −m2l + iǫ
=
∫
|q|<qmax
d3q
(2π)3
1
2ωl(q)
Ml
El(q)
1
k0 + p0 − ωl(q)− El(q) + iǫ , (15)
where the subscript l is the label for the lth-channel, while k0 + p0 =
√
s and ωl, El stand
for the meson and baryon energies, respectively. In the next section, we show the results for
qmax = 650 MeV, which is the same value used in previous works [37, 41], where the same
framework discussed here was applied to investigate meson-baryon interactions in the heavy
sector. It was shown in Refs. [50, 51] that the same value of cutoff has to be used for all
channels in order to respect the rules of heavy quark symmetry.
The bound states and resonances can be associated to the poles that are solutions of
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the Bethe-Salpeter equation, defined in Eq. (14). In order to look for these poles we need
to obtain the T -matrix in the complex energy plane, for which we have calculated the
meson-baryon G function in the first (I) and second (II) Riemann sheet [47]. This is done
by changing G in Eq. (14) to GII in order to obtain T II . The loop GII is the analytic
continuation of the loop function in the second Riemann sheet, and it is given by
GIIl (
√
s) = GIl (
√
s) + i
Ml
2π
√
s
p , with Im(p) > 0,
p =
λ1/2(s,m2l ,M
2
l )
2
√
s
, (16)
with ml and Ml being the meson and baryon masses of the l-channel, respectively, while G
I
(given by Eq. (15)) andGIIl stand for the loop function in the first and second Riemann sheet,
respectively. In Eq. (16), we use GIIl when the lth-channel is open, i. e. Re(
√
s ) > ml+Ml.
On the other hand, when the channel is closed, that is Re(
√
s ) < ml+Ml, we have G
II
l = G
I
l .
It is also possible to evaluate the couplings gl of the state to the different meson-baryon
channels. In order to do this, note that close to the pole the amplitude in the complex plane
for a diagonal transition can be written as
Tll(s) ≈ g
2
l√
s− zR , (17)
where zR = MR + iΓR/2 stands for the position of the bound state/resonance [52]. Hence,
the coupling can be evaluated as the residue at the pole of Tll(s), by means of the following
formula
g2l =
r
2π
2pi∫
0
Tll(z(θ))e
iθdθ , (18)
where z = zR + re
iθ.
In addition, with the coupling constant and the G function calculated at the pole, we can
obtain glGl(zR), which is proportional to the wave function at the origin in the lth-channel
[53].
III. RESULTS
In Table XI we show the poles we have found according to the procedure discussed
previously. They are related to the interaction involving a pseudoscalar meson and 1/2+
baryon in S-wave, such that for this case we have poles associated to the JP = 1/2− quantum
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numbers. In addition, we also show the couplings of these states to the channels spanning
the space of states listed in Table I as well as the product glG
II
l , with G
II
l being the loop
function evaluated at the pole in the second Riemann sheet. We get two states separated
approximately by ≈ 10 MeV, with one at 4082.79 MeV and the other at 4092.20 MeV.
From the results obtained for the couplings as well as for the wave function at the origin,
we observe that the first pole couples strongly to the ΣcD channel. It also couples to Ξ
′
cDs,
but with a smaller value than to the former channel. We can understand this by looking at
Table VII. According to that table only the ΣcD → ΣcD and ΣcD → Ξ′cDs transitions are
allowed, with the coefficient related to the diagonal one as the biggest value. Therefore, we
can say that this pole is mostly a ΣcD molecule. For the second pole, at 4092.20 MeV, we
TABLE XI. Poles and couplings in the PB1/2, J
P = 1/2− sector, with qmax = 650 MeV, and glGIIl
in MeV.
4082.79 Ξccpi ΛcD Ξccη ΩccK ΣcD ΞcDs Ξ
′
cDs
gl 0 0 0 0 8.86 0 1.93
glG
II
l 0 0 0 0 −31.29 0 −4.04
4092.20 Ξccpi ΛcD Ξccη ΩccK ΣcD ΞcDs Ξ
′
cDs
gl 0 4.01 0 0 0 3.75 0
glG
II
l 0 −29.49 0 0 0 −9.76 0
see that it couples to both ΛcD and ΞcDs channels with almost the same magnitude. The
only open channel for both states found is Ξccπ, but as can be seen from Table XI, they do
not couple to this channel.
TABLE XII. Poles and couplings in the PB3/2, J
P = 3/2− sector, with qmax = 650 MeV, and
glG
II
l in MeV.
4149.67 Ξ∗ccpi Ξ∗ccη Ω∗ccK Σ∗cD Ξ∗cDs
gl 0 0 0 8.82 1.30
glG
II
l 0 0 0 −31.46 −2.71
The results associated with the interaction involving a pseudoscalar meson and a baryon
with JP = 3/2+ in S-wave, are displayed in Table XII. Analogously to the previous case, we
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also present the couplings together with the wave function at the origin, that is the glG
II
l
product. In this case, we have just one pole at 4149.67 MeV, coupling mostly to Σ∗cD and
with less intensity to the Ξ∗cDs channel. As can be seen looking at the Table III for the
thresholds, only the Ξ∗ccπ channel is open. The coupling to Σ
∗
cD is almost seven times bigger
than the value for the other channel, Ξ∗cDs, then this pole is naturally associated with a
Σ∗cD molecule. This pole would be the spin partner of the pole found at 4082.79 MeV from
the pseudoscalar-baryon (PB) interaction, with JP = 1/2−.
Next we look for the states with degenerate JP = 1/2−, 3/2−, resulting from the in-
teraction in S-wave of vector mesons and baryons with JP = 1/2+. Our findings for this
particular case can be seen in Table XIII. Three states have been found, at 4217.21 MeV,
4229.19 MeV and at 4328.65 MeV. The first of them couples strongly to ΣcD
∗ and little to
the Ξ′cD
∗
s channel, and hence, this pole qualifies as a ΣcD
∗ bound state. The second state
found, at 4229.19 MeV, couples to both ΛcD
∗ and ΞcD∗s with similar values for the couplings,
however, when we compare the values for the product glG
II
l , we see that the one for the
ΛcD
∗ channel is much bigger than that for ΞcD∗s . The same behavior is found for the last
pole, at 4328.65 MeV, whose couplings to Ξccρ and to ΩccK
∗ are of the same order, while the
value for the wave function at the origin for the former channel is bigger than that for the
latter one. It is worth mentioning that three states were also obtained in the same V B1/2,
JP = 1/2−, 3/2− sector for the Ωc and Ωb states, respectively, studied in Refs. [37, 41]. We
note that for the first and second poles at 4217.21 MeV and 4229.19 MeV, all channels are
closed for decay. The third pole at 4328.65 MeV has about 30 MeV of phase space to decay
into ΛcD
∗, however in our approach it does not couple to this channel since it would require
the exchange of a heavy vector meson.
Finally we also show in Table XIV the results for the vector meson-baryon states, with
JP = 3/2+ for the baryon. In this case, we obtain two poles: 4280.43 MeV and 4409.61
MeV. The first one couples strongly to Σ∗cD
∗ and since its coupling to the other channel,
Ξ∗cD
∗
s , is four times smaller than the first one, this pole is likely a Σ
∗
cD
∗ molecule. On the
other hand, the second pole couples almost to all channels, except for the Σ∗cD
∗ and Ξ∗cD
∗
s .
It couples with similar values for the coupling to the channels: Ξ∗ccρ and Ω
∗
ccK
∗; and next to
Ξ∗ccω, and a little to Ξ
∗
ccφ. But, by looking at the wave function at the origin we conclude
that this last pole comes mostly from the Ξ∗ccρ channel.
Evidence of three resonances at higher energies has also been found. In the B1/2P sector
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TABLE XIII. Poles and couplings in the V B1/2, J
P = 1/2−, 3/2− sector, with qmax = 650 MeV,
and glG
II
l in MeV.
4217.21 ΛcD
∗ Ξccρ Ξccω ΣcD∗ ΞcD∗s ΩccK∗ Ξccφ Ξ′cD∗s
gl 0 0 0 9.31 0 0 0 2.03
glG
II
l 0 0 0 −30.40 0 0 0 −3.94
4229.19 ΛcD
∗ Ξccρ Ξccω ΣcD∗ ΞcD∗s ΩccK∗ Ξccφ Ξ′cD∗s
gl 4.21 0 0 0 3.98 0 0 0
glG
II
l −28.70 0 0 0 −9.59 0 0 0
4328.65 ΛcD
∗ Ξccρ Ξccω ΣcD∗ ΞcD∗s ΩccK∗ Ξccφ Ξ′cD∗s
gl 0 2.95 1.23 0 0 2.66 −0.56 0
glG
II
l 0 −35.46 −14.21 0 0 −14.72 2.64 0
TABLE XIV. Poles and couplings in the V B3/2, J
P = 1/2−, 3/2−, 5/2− sector, with qmax = 650
MeV, and glG
II
l in MeV.
4280.43 Ξ∗ccρ Ξ∗ccω Σ∗cD∗ Ω∗ccK∗ Ξ∗ccφ Ξ∗cD∗s
gl 0 0 9.31 0 0 2.03
glG
II
l 0 0 −30.42 0 0 −3.90
4409.61 Ξ∗ccρ Ξ∗ccω Σ∗cD∗ Ω∗ccK∗ Ξ∗ccφ Ξ∗cD∗s
gl 2.95 1.23 0 2.65 −0.56 0
glG
II
l −35.51 −14.22 0 −14.63 2.62 0
a state coupling mostly to Ξ′cDs was found around 4520 MeV. This state also couples to
ΣcD, and would be the “heavy partner” of the pole found around 4080 MeV. However, the
pole is close to the threshold of Ξ′cDs, which is about 200 MeV above the one of ΣcD. At
this energy the propagator of ΣcD is already too far from its threshold and its real part
becomes positive, what can affect the unitarization of the amplitude and yield unreliable
results. The same happens in the B1/2P sector, where a state coupling mostly to Ξ
∗
cDs, and
also to Σ∗cD, was found around 4575 MeV; and in the B1/2V sector, where a state coupling
mostly to Ξ′cD
∗
s , and also to ΣcD
∗, was found around 4660 MeV. In order to be sure these
poles have physical meaning and do not come from the influence of the lower channel, we
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have repeated the calculation using only the single dominant channel (Ξ′cDs, Ξ
∗
cDs and Ξ
′
cD
∗
s ,
respectively) and we have found that the resonances are still present moving 10 MeV or less
from the previous pole position. Therefore, these poles have indeed physical meaning; the
only difference is that their pole position has larger uncertainties in comparison with the
results presented in Tables XI, XII, XIII and XIV.
IV. CONCLUSIONS
Using a framework employed to study the Ωc states, recently observed by the LHCb
collaboration, and also used to predict similar structures in the beauty sector, named as
Ωb states, which are dynamically generated through meson-baryon interaction, we have
investigated the dynamical generation of possible doubly charmed heavy baryons resonances
in the C = 2, S = 0 and I = 1/2 sector. In particular, the transition amplitudes between
the relevant channels are inspired in the Lagrangians from the hidden local gauge approach.
In order to deal with the V BB vertex, the spin-flavor wave functions for the baryons were
constructed considering the heavy quarks as spectators, allowing us to extend the V BB
interaction to the heavy sector in an easy manner, using the SU(3) content of SU(4).
These transition amplitudes are unitarized taking them as the kernel of the Bethe-Salpeter
equation, whose solutions can be associated with physical states. Using this approach, we
have just one parameter, which is the regulator in the loop function of the meson-baryon
states. We have used the cutoff regularization method with the same cutoff used in previous
works in which we have employed this method to study other meson-baryon interactions in
the beauty sector as well as to study singly charmed baryon resonances, recently observed
by the LHCb and called Ωc states.
We obtain two poles, one at 4083 MeV and at 4092 MeV, for pseudoscalar meson-baryon
interaction with JP = 1/2−, and another one at 4150 MeV for JP = 3/2− quantum numbers.
Furthermore, we have also considered the degenerate cases, stemming from the interaction
of vector meson-baryon, that provides three states with JP = 1/2− and 3/2−: at 4217 MeV,
4229 MeV and 4329 MeV, and two more with JP = 1/2−, 3/2− and 5/2−, at 4280 MeV and
at 4410 MeV.
Therefore, we have predicted eight states, which in our approach are dynamically gener-
ated from the meson-baryon interaction. The molecular picture provides important ingredi-
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ents on the JP quantum numbers of these states together with their quark structure and the
observation of such states can give support to the molecular nature of these resonances as
well as should serve as a good test for the extrapolations used of the chiral unitary approach.
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Appendix A: An example of evaluation of the transition matrix elements for the
meson-baryon channels
In what follows we shall illustrate how to obtain the transition amplitudes, represented
by the diagram depicted in Fig. 1, using the Ξccπ → Ξccπ amplitude as an example. In this
case, we have to consider that, in Fig. 1, the initial Mi and final Mf meson will be a pion,
while Bi and Bf are the corresponding initial and final baryon, that in this example will be
the Ξcc. The vector meson exchanged V could be a ρ and an ω meson. However, in this
particular case, there is no ω meson contribution since this vector meson does not couple to
two pions.
Firstly, we have to write the |Ξccπ〉 in the I = 1/2 combination. Remembering the
multiplets defined in Eq. (10), we have
|Ξccπ (I3 = 1/2)〉 =
√
2
3
Ξ+cc π
+ +
√
1
3
Ξ++cc π
0 . (A1)
Therefore, the transition TΞccpi→Ξccpi (before the unitarization of Eq. (14)) will be given
evaluating the matrix element T
I=1/2
Ξccpi→Ξccpi = 〈Ξccπ (I3 = 1/2)| T |Ξccπ (I3 = 1/2) 〉, that
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(a) (b) (c) (d)
π+
Ξ+cc Ξ
+
cc
π+ π+ π0 π0 π+ π0π0
Ξ+cc Ξ
++
cc Ξ
++
cc Ξ
+
cc Ξ
++
cc Ξ
++
cc
ρ0 ρ+ ρ− ρ0+ + +
FIG. 2. Diagrams representing the meson-baryon interaction through vector meson exchange for
the particular Ξccpi → Ξccpi case. In this case, the vector meson exchanged can be a ρ0, ρ+ or ρ−.
results
T
I=1/2
Ξccpi→Ξccpi =
2
3
tΞ+ccpi+→Ξ+ccpi+ + 2
√
2
3
√
1
3
tΞ+ccpi+→Ξ++cc pi0 +
1
3
tΞ++cc pi0→Ξ++cc pi0 . (A2)
Thus, the task to get the transition we are interested in involves the calculation of each of
the amplitudes appearing in Eq. (A2). The diagrams representing each of them are depicted
in Fig. 2. In order to calculate each diagram, we need to obtain all the corresponding upper
and lower vertices.
The upper V PP vertices in Fig. 2, are obtained using the Lagrangian in Eq. (1). We get
−itpi+→pi+

ρ0
ω

 = 2igVµ(p+ p′)µ

1/√2
0

 ,
−itpi+→pi0ρ+ = −g i√
2
ρ+µ(p+ p′)µ ,
−itpi0→pi0

ρ0
ω

 = 0 . (A3)
The next step focus on the calculation of the V BB vertices. In this case, we shall
follow the procedure described in Subsection IIB, in which we have shown how to get the
amplitudes using the spin-flavor baryon wave functions. The lower vertices in Fig. 2 involve
the Ξ+cc and Ξ
++
cc spin-flavor wave functions, and from Table V we have
|Ξ++cc 〉 = |ccu〉 ⊗ |χMS〉 (A4)
|Ξ+cc 〉 = |ccd〉 ⊗ |χMS〉 . (A5)
Therefore, the vertices Ξ+ccΞ
+
ccρ
0 and Ξ+ccΞ
++
cc ρ
+ are
〈 ccd | g√
2
(uu¯− dd¯)| ccd 〉〈χMS|χMS〉 = − g√
2
, (A6)
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〈 ccu |g(ud¯)| ccd 〉〈χMS|χMS〉 = g . (A7)
From Eqs. (A3), (A6) and (A7), the diagram in Fig. 2 can be written as
−iTΞccpi→Ξccpi =
∑
diagrams
(−i)Vupper iGprop (−i)Vlower
=
2
3
2ig
1√
2
(p0 + p
′
0)
( −i
−M2ρ
)
(i)
(−g√
2
)
+ 2
√
2
3
√
1
3
(−i)g 1√
2
(p0 + p
′
0)
( −i
−M2ρ
)
ig , (A8)
and thus,
TΞccpi→Ξccpi =
(
− 4
3
) 1
4f 2pi
(p0 + p
′
0) . (A9)
Vupper and Vlower in Eq. (A8) stand for the upper and lower vertices, respectively, while
Gprop is the propagator related to the vector meson exchanged. In Eq. (A8) we have used
g = MV /2fpi to simplify the final expression, given by Eq. (A9). Thus, the coefficient Cij
for this transition is −4/3, as can be seen in Table VII. Analogously, all the other transition
amplitudes can be obtained following the steps shown above.
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